Cisplatin, a platinum compound, is used as a first-line agent against various forms of solid cancers. Nephrotoxicity is an important adverse effect of cisplatin therapy, which involves increased oxidative stress, inflammation, apoptosis, and activation of the mitogen-activated protein kinase (MAPK) pathway. It is well known that the bioactive compounds present in green tea are used to treat various disorders due to their biological activities. With this background, the present study was aimed to investigate the effect of epicatechin gallate (ECG), a green tea polyphenol, in cisplatin-induced nephrotoxicity in rats. To achieve this, ECG (1.25, 2.5, and 5 mg/kg; intraperitoneal (i.p.)) was administered to male albino Wistar rats for the period of 10 days. On the 7th day, a single i.p. injection of cisplatin (8 mg/kg) was injected into rats to produce kidney injury and the animals were then killed on the 10th day. Cisplatin toxicity was associated with enhanced oxidative stress, impaired renal function along with marked tubular necrosis in Histopathology. Furthermore, cisplatin activated the MAPK pathway, which contributed to inflammation and apoptosis in the kidney of treated rats. In contrast, ECG (5 mg/kg) pretreatment normalized cisplatin-induced oxidative stress, renal function, and histopathological changes. ECG also prevented the activation of the MAPK pathway, and attenuated inflammation and apoptosis in rats. These findings suggest that ECG prevented cisplatin-induced oxidative stress, inflammation, and apoptosis by downregulating the MAPK pathway and resulted in improved renal function.
Cisplatin (cis-diaminedichloroplatinum) is an effective chemotherapeutic agent widely used in the treatment of various epithelial malignancies such as ovarian, testicular, cervical, neck, and lung carcinoma. 1 Despite its encouraging antitumor activity, its clinical usage is limited, because of dose-dependent and cumulative nephrotoxicity affecting 28-36% of patients receiving an initial dose of cisplatin (50-100 mg/m 2 ). 2 Cisplatin induces apoptosis and necrosis of tubular epithelial cells predominantly in the inner cortex where it reaches its highest concentration. It selectively damages the S3 segment of proximal convoluted tubules, as this is the major site of excretion of cisplatin. 3 Various treatment strategies such as saline hydration and diuresis have been suggested for prevention of cisplatin-induced nephrotoxicity. Induced diuresis may complicate the electrolyte imbalance caused by cisplatin, and at times, discontinuation of cisplatin remains the only option to prevent further tubular damage and morbidity. Presently, no specific pharmaceutical compound is approved to reverse renal damage, although such interventions are strongly required.
In tubular cells, cisplatin activates several stress signaling cascades such as the oxidative stress pathway, the tumor necrosis factor-alpha (TNF-α)-mediated inflammatory pathway, the mitogen-activated protein kinase (MAPK) signaling pathway, and various apoptotic pathways. 1, 2 In particular, MAPKs such as c-Jun NH 2 -terminal kinase (JNK), extracellular-regulated kinase (ERK) 1/2, and p38 kinase are considered as important mediators of signal transduction processes that serve to regulate cell survival, cell division, gene expression, and cell metabolism in response to oxidative stress. 4 They also function as upstream signals for TNF-α-mediated inflammation and caspase-3-mediated apoptosis in cisplatin-induced acute renal failure, and hence they are regarded as novel therapeutic targets in cisplatin nephrotoxicity. Various studies have shown that pharmacological modulation of these proteins can attenuate the toxic effects of cisplatin in kidney. [5] [6] [7] [8] [9] Recent studies have revealed that green tea has healthprotecting benefits, especially in the prevention of diseases associated with free radicals and reactive oxygen species (ROS), such as cancer, cardiovascular, and neurodegenerative diseases. [10] [11] [12] These beneficial effects are attributed to green tea catechins such as epicatechin gallate (ECG) and may be due to the presence gallate in the 3′ position. 13 In addition to the antioxidant properties of ECG, various other bioactivities such as anti-diabetic, anti-bacterial, anti-inflammatory, and anti-obesity activities have been reported. 14 Gallocatechins have also been asserted to influence molecular targets in signal transduction pathways associated with inflammation, cell death, and survival. 15 In an in vitro study, ECG inhibited the production of pro-inflammatory cytokine, IL-1β, and enhanced the production of anti-inflammatory cytokines, IL-10, in human leukocytes. 16 Kim et al. 17 showed that ECG attenuated ROS-induced oxidative stress in human nasal epithelial cells by inhibiting phosphorylation of ERK1/2 and epidermal growth factor receptor. However, it is not known whether ECG has nephroprotective effects, and if so, whether the molecular targets in signal transduction pathways are downstream events of the modulation of the pro-oxidant/ antioxidant balance in cells.
Therefore, the present study was performed to investigate possible nephroprotective effect of ECG in cisplatin-induced nephrotoxicity in rats by observing its effects on biochemical, morphological, apoptosis, and molecular parameters. Further, the molecular mechanism of action of ECG underlying its nephroprotective effect was also delineated.
MATERIALS AND METHODS
Reagents ECG and cisplatin were purchased from TCI Chemicals, India, and Pfizer Products, India, respectively. Blood urea nitrogen (BUN) and serum creatinine kits were obtained from Transasia Bio-Medicals, India. Terminal deoxynucleotide transferase dUTP nick-end labeling (TUNEL) assay kit (ApoBrduDNA fragmentation assay kit), TNF-α, and interleukin-6 (IL-6) ELISA kits were obtained from Biovision, CA, Diaclone Tepnel Company, UK, and Ray Biotech, Norcross, GA, respectively. The antibodies against ERK1/2, phospho-ERK1/2 (p-ERK1/2), JNK, phospho-JNK (p-JNK), NF-κBp65, caspase-3, and β-actin were purchased from Cell Signaling Technology, USA. Phospho-p38 (p-p38) antibody was procured from Santa Cruz Biotechnology, USA. Antibodies specific for Bcl-2, Bax, and p38 were obtained from Abcam, UK. Secondary anti-rabbit IgG and anti-mouse IgG antibodies were from Merck specialties, India. All other chemicals used were of analytical grade.
Cisplatin-induced nephrotoxicity in rats A total of 36 adult male albino Wistar rats weighing between 150 and 200 g were used for the study. Rats were housed in polypropylene cages under standard laboratory conditions (temperature (25 ± 2°C) and relative humidity (60 ± 5%)), and 12-h light/dark cycle with free access to standard diet (Ashirwad Industries, Chandigarh, India) and tap water ad libitum. All experimental procedures were approved by the Institutional Animal Ethics Committee of All India Institute of Medical Sciences, New Delhi, India (IAEC no. 675/12) and were performed according to the Indian National Science Academy Guidelines for Care and Use of Animals in Scientific research. Rats were divided into six groups (six rats in each group): normal; cisplatin-control; ECG treatment groups (1.25, 2.5, and 5 mg/kg; i.p.); and ECG per se group (5 mg/kg; i.p.). ECG was dissolved in 0.5% dimethyl sulfoxide (DMSO) and administered at the dose of 1.25, 2.5, and 5 mg/kg; i.p. for 10 days to rats in ECG treatment groups, whereas normal and cisplatin-control groups received 0.5% DMSO (2 ml/kg; i.p.) for the same time period and on the 7th day, animals in cisplatin and ECG treatment groups received single intraperitoneal injection of cisplatin (8 mg/kg). This dose (8 mg/kg) of cisplatin was selected on the basis of its efficacy in causing nephrotoxicity in rats. 18 In all the groups, all the animals were anaesthetized with pentobarbitone sodium (60 mg/kg; i.p.) on the 10th day of treatment. Blood was drawn from anaesthetized rats and centrifuged at 4000 r.p.m. to separate serum that was stored at − 20°C for estimating BUN, serum creatinine, TNF-α, and IL-6 levels. Both the kidneys were dissected; one of the kidneys was immediately fixed in 10% neutral-buffered formalin, embedded in paraffin for histopathological, immunohistochemistry, and TUNEL assay. For biochemical estimation and western blot analysis, other kidney was snap-frozen in liquid nitrogen and stored at − 80°C until analysis.
Measurement of Serum Nephrotoxic Markers
Serum creatinine and BUN levels were measured by Jaffe's method and diacetylmonoxime method using respective commercially available kits.
Measurement of Renal Biochemical Parameters
For biochemical evaluation, kidney tissues were homogenized with 10 volumes of ice-chilled phosphate buffer (0.1 M, pH 7.4). This homogenate was divided into two parts. One part of the homogenate was used for the estimation of malondialdehyde (MDA) level and reduced glutathione (GSH) content. 19, 20 Other part of the tissue homogenate was centrifuged at 4000 r.p.m., and the supernatant thus obtained was used for the estimation of superoxide dismutase (SOD), catalase (CAT) enzyme activities, and protein content. 21 Determination of Serum TNF-α and IL-6 Level As per manufacturer's instructions, serum TNF-α and IL-6 levels were assessed using respective ELISA kits.
Histopathological Evaluation of Renal Damage
Paraffin blocks were cut into 5-μm-thick sections with microtome (Leica RM 2125, Germany). The sections were stained with hematoxylin and eosin and examined under light microscope at × 20 magnification (Dewinter Optical, India).
Immunohistochemical Studies to Assess Expression of Apoptotic and Inflammatory Markers
Paraffin tissue blocks were cut into 5-μm sections. They were deparaffinized and rehydrated by passing through xylene, graded series of ethanol, and water. Following this, antigen retrieval was performed by heating the sections in microwave oven at 95°C for 10 min in citrate buffer (10 mM; pH 6.0). Then sections were incubated in 30% hydrogen peroxide in methanol for 10 min to reduce any endogenous peroxidase activity and with normal goat serum for 1 h at room temperature to block any non-specific binding. The tubular apoptosis and inflammatory cell infiltration was evaluated using antibodies such as Bax (1:500), Bcl-2 (1:500), caspase-3 (1:1000), and NF-κBp65 (1:1000) for 48 h that only react with antigens present in the cytoplasm of cells. The immune reaction was detected with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1:3000) secondary antibody. The brown color was developed with 3,3′-diaminobenzidine (DAB). The sections were then counterstained with hematoxylin and mounted with DPX to visualize under light microscope (Dewinter Optical, India).
TUNEL Assay
TUNEL assay was performed to assess in situ detection of apoptosis in tissue sections. Tissue sections were incubated with Proteinase K for 30 min to enhance tissue permeability and then treated with 30% H 2 O 2 in methanol for 15 min to quench any endogenous peroxidase activity. After that, sections were incubated with complete labeling reaction buffer and antibody solution, each for 1 h and 30 min. Colorimetric immune reaction was initiated by addition of DAB solution. At least five fields in each slide were looked for any TUNEL-positive cells in each group. The pathologist examining histopathological, immunohistochemical, and TUNEL slides was blinded to the study protocol.
Western Blot Analysis
To elucidate the mechanism of action of its nephroprotective effect, modulation of protein expression was studied. Kidney tissue was removed from − 80°C, weighed and homogenized in radioimmunoprecipitation assay lysis buffer, and total protein concentrations were measured using bovine serum album (BSA) as standard. Protein sample was separated in SDS-polyacrylamide gel electrophoresis and then transferred to a nitrocellulose membrane. Subsequently, membrane was blocked with 3% BSA for 1 h and then incubated with primary antibodies for ERK1/2, p-ERK1/2, JNK, p-JNK, p38, p-p38, Bcl-2, Bax, caspase-3, NF-κBp65, and β-actin (1:3000) overnight at 4°C. The primary antibodies were detected with HRP-conjugated secondary antibodies (1:5000) at room temperature for 2 h. Membrane-bound antibodies were visualized using enhanced chemiluminscence kit according to the manufacturer's instructions. The intensity of protein bands was determined with computerized densitometer.
Statistical Analysis
Data of various groups were analysed by one-way analysis of variance followed by post hoc Tukey-Kramer multiple comparison test using the InStat3.CNT software. Data are expressed as mean ± s.e.m. Statistical significance was considered at the level of Po0.05.
RESULTS

Effect of ECG on Renal Function
Serum nephrotoxic markers such as serum creatinine and BUN levels were measured in all treatment groups to assess renal function. Cisplatin injection resulted in significant increases in serum creatinine (Po0.001) and BUN levels (Po0.001) in comparison with animals in the normal group. This elevation in serum nephrotoxic markers confirmed the induction of nephrotoxicity in the cisplatin-control group. ECG pretreatment (5 mg/kg), significantly normalized serum creatinine (Po0.01), and BUN levels (Po0.01), as compared with the cisplatin-control group (Figures 1a and b) .
Effect of ECG on Cisplatin-Induced Oxidative Stress
Rats injected with cisplatin showed a significant (Po0.001) increase in the level of MDA, a lipid peroxidation marker, and a significant decrease in the activities of SOD (Po0.001) and CAT (Po0.01), as compared with the normal group (Figures 1c-e) . Pretreatment with ECG (5 mg/kg) significantly (Po0.05) decreased the level of MDA and a significant (Po0.01) increase in the activities of SOD and CAT, as compared with the cisplatin-control group. In addition, there was significant depletion (Po0.001) of GSH in the cisplatintreated group, as compared with the normal group. The kidneys of ECG pretreated rats showed a significant increase in the level of GSH when compared with the cisplatin-control group (Figure 1f) .
Effect of ECG on Serum Cytokine Levels
The levels of serum pro-inflammatory cytokines (TNF-α and IL-6) were significantly enhanced (Po0.001) in the cisplatincontrol group as compared to the normal group. This increased level of inflammatory cytokines in cisplatin-treated group indicates the role of inflammation in cisplatin-induced nephrotoxicity. ECG (5 mg/kg) pretreatment significantly (Po0.01) attenuated the increase in cytokine level as compared to the cisplatin-control group. No significant differences were observed at lower doses (ECG 1.25 and 2.5 mg/kg; Figure 1g ).
Effect of ECG on Renal Histology
Histopathological sections exhibited normal architecture with no inflammatory cell infiltration in the normal and the ECG per se group, whereas the cisplatin-control group showed marked tubular atrophy, inflammation, and denudation of epithelium. Treatment with ECG (1.25 and 2.5 mg/kg) reduced the cisplatin-induced changes of focal inflammation and necrosis. However, the group in which the rats received the highest dose of ECG (5 mg/kg), there was a marked absence of tubular necrosis and edema (Figure 2) .
Thus, on the basis of serum kidney function, oxidative stress and histopathological evaluation, 5 mg/kg was found to be the optimum dose of ECG. Hence, this dose was used for further analysis.
Effect of ECG on Apoptotic and Inflammatory Markers
The apoptotic process was evaluated by detecting the expression of apoptotic the markers Bax, Bcl-2, and caspase-3 in renal tissue of all groups. Cisplatin administration increased expression of the pro-apoptotic proteins Bax and caspase-3, and decreased expression of the anti-apoptotic protein Bcl-2 in the renal tubules. In contrast, treatment with ECG attenuated apoptosis. ECG (5 mg/kg) pretreatment decreased the expression of Bax and caspase-3, and increased the expression of Bcl-2 in the renal tubules (Figures 3 and 4) . Furthermore, apoptosis assessed using TUNEL assay showed decreased DNA fragmentation in ECG-treated rats compared with the cisplatin-control group. These findings confirm that ECG treatment prevents apoptosis in the renal tubules (Figure 3 ).
Immunohistochemical and western blot analysis also revealed increased expression of NF-κB, which is both proapoptotic and pro-inflammatory in the cisplatin-control group, whereas ECG pretreatment (5 mg/kg) ameliorated this effect (Figures 3 and 4) .
Effect of ECG on Phosphorylation of MAPKs
The effect of ECG on protein expression was studied to explore its mechanistic pathway of renoprotection. Cisplatin ECG protects against cisplatin-induced AKI S Malik et al injection resulted in increased phosphorylation of ERK1/2, JNK, and p38 in renal tissues. In contrast, treatment with ECG attenuated the activation of MAPK pathway ( Figure 5 ).
DISCUSSION
Numerous studies have been conducted to enhance our understanding of the pathogenesis and treatment of cisplatininduced nephrotoxicity. In the present study, we have demonstrated the nephroprotective effect of ECG, a naturally occurring polyphenol in green tea in this condition. This is attributable to its capacity to elevate antioxidants, attenuate cisplatin-induced increased expression of MAPK, and the resultant inflammation and apoptosis/necrosis in the kidney associated with significant improvement in renal function. For over a decade, both in vitro and in vivo studies have shown that oxidative stress has a critical role in the pathophysiology of cisplatin-induced cell death culminating in renal dysfunction. 18, 24, 25 Inside the tubular cells, cisplatin is aquated into a highly reactive electrophile, which rapidly reacts with thiol-containing molecules including glutathione. It also induces mitochondrial dysfunction and increases ROS production by disrupting the respiratory chain. Because of their broad reactive nature, ROS targets and modifies lipids, proteins, and DNA resulting in cellular stress. 1 Notably, ROS activates cascade of lipid peroxidation, which is detected by increased level of MDA (a lipid peroxidation marker) as seen in cisplatin-control group in our study. This probably resulted in consumption of glutathione and other endogenous antioxidants such as SOD and CAT. However, pretreatment with ECG maintained glutathione and other antioxidants at basal levels in renal tissue. Previous studies have shown that ECG can scavenge free radicals and convert them to non-toxic products. This action is attributed to the presence of galloyl group at position 3 and hydroxyl group at 5′ position. 13 In addition, ECG treatment decreased the cisplatin-induced inflammatory response, and consequent cell death and renal failure. In cisplatin-treated rats, ECG markedly reduced the activation of NF-κB, a transcription factor that activates pro-inflammatory cytokines TNF-α and IL-6 in response to oxidative stress. In human experiments, consumption of green tea extract, which contains ECG, led to reduced secretion of TNF-α. 15 Furthermore, a study by Siddique et al. 26 has demonstrated the protective role of ECG in a transgenic Drosophila model of Parkinson's disease due to its antioxidant and antiapoptotic effects. Tea polyphenols such as ECG have also been shown to inhibit proteasome function, thereby terminating inflammation. 27 Hence, our data suggest that damage of renal tubules may be related to ROS-mediated ECG protects against cisplatin-induced AKI S Malik et al cell inflammation and ECG may ameliorate cisplatin nephrotoxicity at these levels. ECG also attenuated activation of the intrinsic mitochondrial pathway of apoptosis in renal tissue by decreasing the expression of Bax and caspase-3, and upregulating the antiapoptotic protein Bcl-2. The involvement of the intrinsic pathway of apoptosis in cisplatin-induced renal injury was initially found in cultured renal epithelial cells by Park et al. 28 They provided evidence that accumulation of Bax following cisplatin treatment caused mitochondrial release of cytochrome C and apoptosis. 28 These initial observations were later tested and confirmed by several studies in different cell ECG protects against cisplatin-induced AKI S Malik et al lines. Moreover, several pharmacological agents demonstrated anti-apoptotic effects by inhibiting Bax activation and accumulation in mitochondria. 24, 25, 29 In addition, our present work has further demonstrated compelling evidence for tubular apoptosis via inhibition of formation of ROS and secretion of TNF-α, which are known to activate the extrinsic pathway of apoptosis through death receptors. Alternatively, death receptors can generate ROS and enhance cisplatininduced acute kidney injury. Thus, oxidative stress and death receptor-mediated apoptosis appear to act synergistically. These molecular findings were further confirmed by histological examination and TUNEL assays. ECG pretreatment dramatically improved cisplatin-induced renal tubular damage and markedly reduced TUNEL-positive apoptotic cell numbers. Likewise, ECG pretreatment improved tubular function and normalized serum BUN and creatinine levels.
Although the exact mechanism of nephroprotective effect of ECG is not known, ECG certainly reduced the activation of MAPK by cisplatin. Studies have shown that cisplatin induces early ERK1/2, p38, and JNK/SAPK activation, which then precede the development of acute kidney injury and renal failure. 30, 31 Specific pharmacological inhibitors of ERK1/2, p38, and JNK reduced renal apoptosis and inflammation during cisplatin nephrotoxicity. Other studies further identified MAPK as key upstream regulators for the activation of TNF-α and caspase-3 in response to oxidative stress. [5] [6] [7] [8] [9] In light of these results, it is noteworthy that ECG decreased ROS activity and prevented downstream activation of MAPK/inflammation and apoptosis.
In conclusion, our study provides substantial evidence that ECG, a green tea polyphenol, may be of significant therapeutic benefit against the renal complications in cisplatin chemotherapy by maintaining redox potential. Specifically, ECG at 5 mg/kg had a promising therapeutic potential in ameliorating cisplatin-induced kidney injury. The putative ECG protects against cisplatin-induced AKI S Malik et al underlying mechanism of this renoprotective effect could be inhibition of MAPK-induced apoptosis and inflammation in cisplatin-injected renal tissues. However, further studies are necessary to establish the therapeutic usefulness of ECG to treat cisplatin-induced kidney damage. ECG protects against cisplatin-induced AKI S Malik et al
